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Abstract 
Usually, a material of higher strength does not necessarily indicate in a higher structural performance. While a higher energy 
absorbing material usually expresses higher structural performance when failure happens. This study aims at finding the relation 
between 28-days compressive strength and Compression toughness factor of Ultra High Performance Concrete (UHPC) using 
varying range of five variables which include; Steel Fiber, Silica fume (SF), Cement 42.5, Superplasticizer (SP), and water to 
cemetiotious ratio (w/c) by Design of Experiments (DOE) methodology. The results shows the significant relationship between 
the Compression toughness factor and 28 days compressive strength of UHPC. The model is valid for the mixes made with 1.0 
sand,  0.15-0.30 silica fume amount, 0.70-1.30 cement amount, 0.10- 0.20 steel fiber, 0.04- 0.08 superplasticizer (all values are 
by aggregate weight mass) and 0.18- 0.32 water to cementitious ratio. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Ductility is defined as a measure of how much a material deforms plastically before fracture [1]. The point to 
achieving toughness of a material is a good combination of strength and ductility [2, 3]. A material with high 
strength and high ductility will have more energy absorption capacity than a material with low strength and high 
ductility, and the former will be more useful for structural purposes. Compression toughness is obtained by 
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calculating the area under the load- deflection curve from a compression test. This value is simply called 
“compression toughness” and it has units of works [4, 5].  
 
Brittleness of high strength concrete is one of the disadvantages of this type of concrete. In the past many 
researches have been studied in order to find a solution on the brittleness of concrete [6, 7, 8]. Ultra High 
Performance Concrete (UHPC) is one of the latest and advanced composite material which covers this defect with 
it’s unique durability and mechanical properties [9]. The main parameters to produce Ultra High Performance 
Concrete are by using well graded fine aggregate, using large amount of cement in order to decrease the porosity, 
proper curing, accurate compaction, increasing workability by adding the superplaticizer, increasing the ductility by 
the addition of fiber which causes the materials to confine [10, 11, 12]. 
 
The higher the strength of a material, does not always indicate a higher structural strength performance unlike a 
higher energy absorbing material (toughness) which expresses a higher structural strength performance when failure 
happens [13, 14, 15]. Therefore UHPC as a superior material decreases the differences between the material’s 
strength and structural strength. This study focused to find the relationship between these two important factors by 
using five different variables.  
 
Some researches were focused to see the effect of only fiber properties on Compression toughness. For example, 
Marar et al. [16] investigated on the specific Compression toughness of normal strength steel fiber reinforced 
concrete and high strength steel fiber concrete and Bhargava et al. [17] studied on stress- strain behavior of small 
scale steel fiber high strength concrete cylinder. 
 
2. Research significance 
Research was based on work on 28-day compressive strength test and stress- strain behavior of UHPC was done 
in order to find the Compression toughness factor of different mix design which were carried out under 
compression. The objective was to consider if there is any relationship between the 28-day compressive strength and 
the Compression toughness factor of UHPC. 
 
3. Material properties 
Forty five different mixes with five variables were used to find the relationship between the 28-day compressive 
strength and the Compression toughness factor. The variables were amount of silica fume, steel fiber, cement, 
superplasticizer, and w/c ratio. The materials properties are: 42.5N Portland sulfate resistance slag cement, type 2, 
which is controlled by European standard EN 197-1 [18] cement composition. The clinker and slag amount for 
manufactured cement in Cyprus were between 65-79% and 21-35%, limestone aggregate with Dmax 5 mm, 
ordinary tap water, the superplasticizer was a polycarboxylic ether based with a high range water reducing new 
generation superplasticizer admixture developed. The diameter and length steel fiber was 0.55 mm and 13 mm with 
young modulus of 210 GPa and a tensile strength of 1345 MPa, a white undensified silica fume with more than 95% 
purity of silicon dioxide was used with particle sizes between 0.1-1 µm. 
 
The variables range are as follow: 0.70-1.30 cement amount, 0.10- 0.20 steel fiber, 0.04- 0.08 superplasticizer, 
0.15-0.30 silica fume amount by aggregate weight mass and 0.18- 0.32 water to cementitious ratio. 
4. Experimental Design 
The experimental design was done by the full factorial method. In this study the relationship between the 28-day 
compressive strength and the Compression toughness factor of UHPC was analyzed and the best model with highest 
R2 was obtained. 
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4.1. Methodology 
In this study, a relationship between the 28-day compressive strength and the Compression toughness factor was 
studied with the consideration of five variables such as SF (A), superplasticizer content (B), steel fiber content (C), 
cement content (D), w/c ratio (E). Based on previous studies and literature review, the range of variables are as 
follow: SF amount is from 15 to 30 percent of sand mass, the superplasticizer content is from 4 to 8 percent of sand 
mass, the steel fiber content is from 10 to 20 percent of sand mass, the cement amount is from 70 to 130 percent of 
sand mass, and w/c ratio from 0.18 to 0.32. The variables with their level limitation are given in Table 1. 
 
Table 1. The variables with their levels 
 
Variables 
 
Code 
 
Low level 
-1 
Levels  
Intermediate  
0 
 
 High level 
+1 
Silica fume A 15% 25% 30% 
Superplasticizer B 4% 6% 8% 
Fiber C 10% 15% 20% 
Cement D 70% 100% 130% 
w/c ratio E 0.18 0.225 0.32 
*Percentages are based on aggregate mass used 
4.2. Specimen preparation and test specimen 
The specimen preparation were as follows; The first dry materials (aggregates, cement, silica fume) except steel 
fiber were mixed in determined proportion for five minutes, then a proportional amount of superplasticizer was 
added to a determined  amount of water within the addition of steel fiber, thereafter, water mix was added to 
premixed mixture and mixed to obtain a homogeneous paste. Three 100mm*100mm cubes were casted for 28-days 
compressive strength determination and three 100mm*200 mm cylinder were cast for stress-strain test. After 
casting, all samples were compacted by the vibration table and kept in the moist curing room for 24 hours. They 
were then molded out and transferred to the curing water tank at 23 ± 2 °C until testing. 
4.3. Compressive strength test 
In order to determine the compressive strength of specimens, 100mm UHPC cubes were tested. Concrete 
compression machine based on ASTM C109 [19] with 3000 kN in capacity was used. Three samples were tested 
and the average was calculated. The compressive strength of specimens was measured to be in the range of 47 to 
110 MPa for 28-days. 
 
4.4. Compression toughness factor 
According to the Japanese society of Civil Engineers (JSCE) standard SF-5 [20], the Compression toughness is 
equal to the area under the load-deflection curve till deformation reaches to 0.75 mm for cylindrical samples with 
dimensions of 100mm*200 mm as shown in Fig. 1.  
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Fig. 1. Load- deformation curve of sample in compression 
 
The Compression toughness factor indicates the post matrix cracking residual compressive strength of UHPC 
without distinguishing the pre-peak and post-peak behaviors deformation corresponding to 0.75 mm. The 
Compression toughness factor is defined as 
 
                                                                                                              (1) 
 
Where 
= Compression toughness factor 
Tc= Compression toughness (Nm) 
δtc= deformation corresponding to 0.75 percent converted to strain (mm) 
A= Surface area of specimen 
 
5. Results and discussion 
Table 2 shows the results of a 28-days compressive strength and Compression toughness factor with different 
variables. Each result was derived by taking the average of three specimens. 
 
Table 2. Mix design amounts and responses of UHPC. 
Mix 
no 
Sand 
(kg) 
Silica 
Fume 
(kg) 
A 
Super- 
plasticizer 
(kg) 
B 
Steel 
Fiber 
(kg) 
C 
Cement 
(kg) 
D 
Water 
(kg) 
E 
28-days 
compressive 
strength 
(MPa) 
Compression 
toughness 
factor 
(MPa) 
1 50 7.5 4 5 35 13.6 74.00 54.27 
2 50 15.0 2 5 65 25.6 49.00 34.67 
3 50 15.0 2 10 35 9.0 103.20 77.33 
4 50 10.0 3 10 50 13.5 98.00 73.33 
5 50 15.0 2 5 35 9.0 97.00 66.00 
6 50 10.0 3 7.5 50 10.8 102.00 69.87 
7 50 7.5 4 5 35 7.6 100.00 66.67 
8 50 15.0 2 10 65 14.4 98.00 70.00 
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9 50 7.5 3 7.5 50 12.9 106.00 58.67 
10 50 7.5 2 10 35 13.6 85.00 56.13 
11 50 10.0 2 7.5 50 13.5 83.40 54.67 
12 50 15.0 4 5 65 25.6 77.00 48.40 
13 50 10.0 3 7.5 65 16.8 86.00 52.13 
14 50 15.0 2 10 35 16.0 57.35 35.87 
15 50 15.0 2 10 65 25.6 47.00 36.27 
16 50 7.5 2 5 65 23.2 81.50 41.20 
17 50 10.0 3 7.5 50 19.2 85.00 57.07 
18 50 7.5 2 10 65 23.2 71.70 42.53 
19 50 7.5 2 5 65 13.0 104.50 70.80 
20 50 10.0 3 7.5 50 13.5 75.00 56.00 
21 50 15.0 2 5 35 16.0 63.60 31.20 
22 50 10.0 3 7.5 50 13.5 86.00 56.67 
23 50 7.5 4 5 65 23.2 84.00 53.33 
24 50 15.0 4 10 65 14.4 93.00 69.60 
25 50 15.0 4 10 65 25.6 70.80 50.80 
26 50 7.5 4 10 35 7.6 82.90 46.93 
27 50 7.5 2 10 65 13.0 106.50 80.67 
28 50 7.5 2 10 35 7.6 110.00 90.40 
29 50 15.0 4 5 35 9.0 99.00 59.73 
30 50 15.0 4 10 35 16.0 85.00 63.07 
31 50 7.5 2 5 35 7.6 108.00 81.20 
32 50 15.0 4 10 35 9.0 87.00 67.73 
33 50 15.0 2 5 65 14.4 95.70 59.07 
34 50 7.5 2 5 35 13.6 68.90 42.67 
35 50 15.0 4 5 65 14.4 88.00 64.00 
36 50 7.5 4 10 65 23.2 87.00 41.47 
37 50 7.5 4 10 35 13.6 79.00 57.47 
38 50 7.5 4 5 65 13.0 93.90 57.20 
39 50 15.0 4 5 35 16.0 86.00 45.33 
40 50 10.0 4 7.5 50 13.5 86.00 52.67 
41 50 15.0 3 7.5 50 14.6 95.00 56.00 
42 50 10.0 3 7.5 35 10.1 83.00 54.67 
43 50 10.0 3 5 50 13.5 95.20 56.00 
44 50 10.0 3 7.5 50 13.5 82.00 57.33 
45 50 7.5 4 10 65 13.0 91.30 63.60 
 
 
The Compression toughness factor and the 28- days compressive strength ranges were between 31.0 and 90.4 
MPa and 47.0 and 110.0 MPa, respectively. Fig. 2 shows the relationship between the Compression toughness factor 
and  the 28-days compressive strength. By increasing the 28-days compressive strength, the Compression toughness 
factor of ultra high performance concrete increased with a constant slope. It can be said, that there is a direct 
relationship between the 28-days compressive strength and Compression toughness factor. Many types of functions 
like polynomial, logarithmic, exponential, and power and linear were tested to find the best R2. The best curve with 
highest R2 of 0.7082 was obtained by using linear function with the equation of Y= 0.9442X- 32.241. 
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Fig. 2. Compressive Strength (28-day) versus Compression toughness  
 
 
6. Conclusion: 
The relationship between the 28-days compressive strength and the Compression toughness factor was studied by 
considering the effect of five independent variables (amount of silica fume, amount of steel fibers, amount of 
cement, amount of superplasticizer, and w/c ratio). In this experimental study forty five batches were produced to 
create a model. The most important findings of the study are given as follows: The linear model was found to be the 
best function type to analyze a Compression toughness factor by having 28-days compressive strength. Compression 
toughness factor of ultra high performance concrete can be predicted by using 28-days compressive strength.  
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